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Abstract The recent expansion of structural genomics

has increased the demands for quick and accurate protein

structure determination by NMR spectroscopy. The con-

ventional strategy without an automated protocol can no

longer satisfy the needs of high-throughput application to a

large number of proteins, with each data set including

many NMR spectra, chemical shifts, NOE assignments,

and calculated structures. We have developed the new

software KUJIRA, a package of integrated modules for the

systematic and interactive analysis of NMR data, which is

designed to reduce the tediousness of organizing and

manipulating a large number of NMR data sets. In com-

bination with CYANA, the program for automated NOE

assignment and structure determination, we have estab-

lished a robust and highly optimized strategy for compre-

hensive protein structure analysis. An application of

KUJIRA in accordance with our new strategy was carried

out by a non-expert in NMR structure analysis, demon-

strating that the accurate assignment of the chemical shifts

and a high-quality structure of a small protein can be

completed in a few weeks. The high completeness of the

chemical shift assignment and the NOE assignment

achieved by the systematic analysis using KUJIRA and

CYANA led, in practice, to increased reliability of the

determined structure.
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Abbreviations

NOESY Nuclear Overhauser effect spectroscopy

HSQC Heteronuclear single quantum coherence

SASA Solvent accessible surface area

TOCSY Total correlated spectroscopy

Introduction

As demands for protein structure determination by NMR

are increasing, especially with the recent expansion in

structural genomics, high-throughput techniques are

strongly desired. Nowadays, several protocols have been

established for the NMR structure determination of mod-

erately sized proteins (smaller than 20 kDa). Considering a

structure analysis using modern NMR techniques for a

uniformly 13C and 15N labeled protein, the most widely

used strategies can be roughly divided into six stages: (i)

spectrum data acquisition, (ii) spectrum data processing,

(iii) chemical shift assignment of 1H, 13C, and 15N signals,

(iv) nuclear Overhauser effect (NOE) assignment and

preparation of 1H–1H distance constraints, (v) structure

calculation and (vi) validation of the calculated structures.
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In addition to the NOE based distance constraints, dihedral

angle constraints and residual dipolar coupling and

hydrogen-bonding related constraints are often applied in

the structure calculation, if the relevant experimental data

sets are available. Although the non-NOE based structural

constraints can increase the accuracy of the determined

structure, the NOE based distance constraints play a major

role in the structure determination process. This is because

NOEs are relatively easy to obtain, given their power in

structure determination. They thus have a much higher cost

performance than other types of NMR data, and are suit-

able for a high-throughput approach.

The most important data for the structure calculation,
1H–1H distance constraints, are extracted from assignments

of NOEs observed in multi-dimensional NOESY spectra.

3D 15N or 13C edited NOESY spectra are preferably used

for the extraction of the NOEs, because they presently offer

the best compromise between spectral resolution and

measurement time needed for their acquisition. The com-

pleteness and accuracy of the chemical shift assignments of

the 1H, 15N, and 13C signals are crucial for the NOE

assignments, and are thus considered first in the NMR

analysis. For the NMR chemical shift assignments, a

number of 2D and 3D spectrum data sets are normally

required, e.g., 4–6 spectra for main-chain signals and 3–4

spectra for side-chain signals. The spectroscopic problems

associated with chemical exchange, fast relaxation, severe

signal overlap, and/or slight irreproducibility of signal

positions among spectra can interfere with achieving

complete assignments. Therefore, it is difficult to reach

more than 95% accuracy of the chemical shift assignments

without any prior knowledge of the correct protein struc-

ture. In a structure calculation, distance constraints can be

misinterpreted because of missing or erroneous chemical

shift data, which lead to distortions in the calculated

structure. The next point to consider in an NMR analysis

predominantly using NOE derived constraints is the accu-

racy of the NOE assignments. A total of 4000–6000 NOE

peaks and 1500–2000 1H–1H distance constraints are typ-

ically expected from heteronuclear edited NOESY spectra

for a 15N- and 13C-labeled protein with a molecular weight

around 10 kDa. It is not unusual for three or four 1H, 15N,

and 13C signals to be nearly degenerate in a certain place

on the 2D HSQC spectrum, and they will be more severely

overlapped in the 2D projection of the 3D spectrum data.

Due to the degeneracy of the chemical shifts, many NOE

peaks will initially be attributed ambiguous assignment

possibilities composed of multiple spin pairs. The number

of candidates ambiguously assigned is sometimes more

than 100, depending on the degeneracy of the signals to be

assigned for each spin pair. Including all possible candi-

dates, the number of initial NOE assignments would ex-

ceed several tens of thousands. Additionally, small

amounts of spectral noise and artifacts unavoidably remain

in the large number of NOE peaks in a standard NMR

analysis. The interactive effort to iteratively validate, cor-

rect, and consolidate such a tremendous number of NOE

assignments and to interpret them into distance constraints

would occupy a well-experienced NMR scientist for more

than a few months.

In order to overcome the obstacles mentioned above,

automated or semi-automated methods are the most

promising approach to conduct NMR analyses more reli-

ably and with high-throughput. There are many computa-

tional programs that attempt automated or semi-automated

NOE analysis, as reviewed recently (Altieri and Byrd 2004;

Baran et al. 2004; Gronwald and Kalbitzer 2004; Güntert

2003; Nilges and O’Donoghue 1998). The program

CYANA (Güntert 2003) includes automated NOE assign-

ment (Herrmann et al. 2002) and structure calculation by

torsion angle dynamics (Güntert et al. 1997), and is suit-

able for high-throughput NMR studies. The new strategies

utilized in CYANA, ‘‘constraint combination’’ and ‘‘net-

work anchoring’’ (Herrmann et al. 2002), facilitate finding

the correct structure, even if the NOE peak lists contain

many artifacts and noise. The reliability of the NOE

assignment and the accuracy of the calculated structure

have been demonstrated with 90% completeness of the

chemical shift assignment (Jee and Güntert 2003). These

features of CYANA allow users to concentrate on com-

pleting the chemical shift assignment table and the NOE

peak table in the early stage of the NMR analysis, rather

than on assigning individual NOE cross peaks. In spite of

the robustness of the CYANA calculation, especially for

the determination of a global chain fold, further completion

and refinement of the chemical shift assignments are usu-

ally applied to attain higher accuracy in the local regions of

the structure. This means that, in the final stage of the NMR

analysis, we have to search for the remaining unassigned

NOEs and the unidentified NMR signals that may lead

CYANA to calculate a structure with a local inaccuracy.

Such a structural fault is not critical, but can be enough to

confuse a structure-based prediction of the protein function

in a future study, if it is located in a putative interaction site

of the protein. In the final stage of the analysis, the amount

of erroneous data must be extremely small, and a formi-

dable effort is required to eliminate these potential prob-

lems. The conventional interactive approaches, such as

iteratively scrutinizing the spectrum data sets, the chemical

shift table, the NOE peak table and the calculated structure

data, can minimize the problem; however, they are time-

consuming and greatly reduce the ease of the automated

NOE assignment by CYANA, unless there is a smart sys-

tem to integrate the enormous amount of NMR data. The

integration of several analysis tools related to NMR

determination into one platform is a promising idea to
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reduce the tediousness, as they are all based on the concept

of standardizing the protocols and the data format. The

CCPN data model has been proposed to develop data

organization and software pipelines (Fogh et al. 2002,

2005; Vranken et al. 2005). The key feature of the data

model is an application programming interface (API) to

unify the development of future NMR-related software.

The spectral visualization software, ANSIG v3.3, is an

example of software development over the CCPN data

model (Helgstrand et al. 2000; Kraulis 1989). The SPINS

data model has also been proposed, to develop a program

suite that can accommodate any type of NMR-related

software (Baran et al. 2002). These program suites and

systems would work to significantly promote a wide variety

of NMR studies if appropriately installed in an NMR lab-

oratory; however, it is still not very easy to introduce them,

especially for a non-NMR scientist in a small laboratory

who has a good NMR sample and wants a quick analysis.

There are many interactive spectrum analysis programs,

e.g., ANSIG (Helgstrand et al. 2000; Kraulis 1989),

AURELIA (Neidig et al. 1995), CARA (http://www.

nmr.ch), FELIX (FELIX NMR, Inc.), NMRView (Johnson

and Blevins 1994), Olivia (http://www.fermi.pharm.

hokudai.ac.jp/olivia/), Sparky (Goddard and Kneller 2001),

and XEASY (Bartels et al. 1995), which can be used to

visualize multidimensional NMR spectra. The distinctive

features of NMRView include its capability for directly

interpreting a common scripting language, Tcl/Tk, and its

high performance in quickly drawing contour plots of 2D

planes from multi-dimensional spectra. Relying on these

features, several software add-ons, such as Smartnotebook

(Slupsky et al. 2003) and NvAssign (Kirby et al. 2004),

have been released.

Here, we have developed a new software package,

called KUJIRA, consisting of integrated modules for the

systematic and interactive analysis of NMR data. NMR-

View is used together with KUJIRA for controlling spec-

trum windows and for executing external Tcl/Tk source

code and C programs. The modules of KUJIRA are de-

signed to simultaneously accommodate a large number of

spectrum data sets, chemical shift data, NOE peak data,

NOE assignment data, and structure data, which are sys-

tematically organized (Fig. 1). One module in KUJIRA can

import output files from an automated NOE assignment

performed by CYANA and control the spectrum windows

based on the NMR parameters related to the NOE peaks.

Another module of KUJIRA is used to assess the structural

quality of the calculated structures. It facilitates the anal-

ysis of the geometrical features of the calculated structure,

i.e., the solvent accessible surface area, the distributions of

the dihedral angles (/, w), and (v1, v2), and the secondary

structure elements. The modules of KUJIRA seamlessly

control the chemical shift tables, the spectrum windows

and the NOE assignment tables, so that users can intui-

tively and expeditiously address artifact or noise peaks in

the NOE peak table as well as misassignments in the

chemical shift table. These functions in KUJIRA allow

users not only to obtain highly accurate chemical shifts but

also to save a considerable amount of time during the

structure refinement. In this article, we will describe

the construction of the NMR program suite KUJIRA,

and the functional modules in KUJIRA to apply the
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Fig. 1 KUJIRA modules and

other software used for the

NMR structure studies. The

scheme illustrates how the

modules in KUJIRA interact

with other software and NMR

data used for NMR analyses

(see details in the text). All of

the modules in KUJIRA can

share the loaded NMR data,

such that the user can

interactively control the

spectrum windows, based on the

chemical shift and NOE

assignments
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semi-automated NMR signal assignments required for the

fully automated NOE assignment and structure calculation

program CYANA, as well as a strategy specifically direc-

ted to high-throughput NMR structure studies, using the

functions of KUJIRA in conjunction with CYANA.

Materials and methods

Construction of the software, KUJIRA

The scriptable and graphics-based program NMRView is

used to display and control the 2D and 3D spectrum con-

tour plots. The C programming language version of

NMRView, available from One Moon Scientific Inc.

(http://www.onemoonscientific.com), works on a variety of

computer platforms. The intrinsic capability of NMRView

to load and interpret external Tcl/Tk sources is utilized in

the KUJIRA package to build the graphical user interface

(GUI) and for the numerous subroutines that implement the

functions of KUJIRA. In addition, the external C programs

included in the KUJIRA package are accessed from the

subroutines to achieve a high performance for computa-

tion-intensive numerical calculation jobs. The KUJIRA

modules described in this paper are shown in the scheme of

Fig. 1, which illustrates how the modules in KUJIRA

interact with other software and with the NMR data used

for the structure analysis.

Startup module

The graphical interface of the Startup module, shown in

Fig. 2, appears first when the user starts KUJIRA. Using

the interface, the user can readily specify the file names and

the directory path names of the spectrum data sets, as well

as the parameters for drawing their contour plots. Once the

user launches NMRView from the startup module, the

graphical interfaces and subroutines inherently imple-

mented in NMRView are transiently created. Some of the

menus of graphical interfaces and subroutines are sup-

pressed by the Startup module of KUJIRA, and then this is

followed by the construction of the other KUJIRA graph-

ical interfaces and subroutines for making networks linked

to the spectrum windows, chemical shift data, NOE

assignment data and structure data. After these preliminary

jobs, the NMRView startup is completed by restructuring

the spectrum windows and the graphical interfaces of the

KUJIRA modules, according to the preferences specified in

the Startup module.

Fig. 2 The graphical interface of the Startup module in KUJIRA.

Prior to the analysis, the user must specify the spectrum data sets and

several parameters in this module. The small list-box on the upper left

of the interface displays the currently available spectrum data sets,

from which the user may select one to transfer into the entries of the

corresponding spectrum type on the right side of the interface. The

parameters to configure a narrow region of 2D spectra can also be

specified on the entries arrayed on the same spectrum entry row. The

check-buttons, on the left of the spectrum name labels, are used to

select the spectra that are being loaded for the current analysis. The

buttons just below the list-box convert the interface mode between the

different ‘‘Sync-Jump’’ types: 15N-, 13C-aliphatic, and 13C-aromatic
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Sync-Jump module

The synchronized spectrum jump system, referred to as

‘‘Sync-Jump’’, is the most important function of KUJIRA.

Each of the loaded spectrum data sets is attributed to one of

the Sync-Jump classes, as specified in the startup module.

The Sync-Jump commands synchronize and simulta-

neously display groups of 2D spectrum strips extracted

from 3D spectra attributed to the same Sync-Jump class,

while concurrently changing their drawing position in the

2D HSQC projection. The 2D HSQC spectra are similarly

controlled by the Sync-Jump command to display the

narrow region centering on the currently specified position.

As the default setting, three Sync-Jump classes are avail-

able, namely 15N- and 13C-aliphatic and 13C-aromatic,

respectively corresponding to the Sync-Jump action on the

2D 1H–15N, 1H–13C for the aliphatic and aromatic signals-

correlated spectrum projection of the 3D spectrum. All

modules in KUJIRA provide Sync-Jump commands, so the

user can expeditiously manipulate the number and contents

of the spectrum windows shown. There are two ways to

provide chemical shift information to the Sync-Jump

command. In the first way, the command is simply exe-

cuted with the given chemical shifts of a 1H and a heavy

atom dimension. For instance, this function works by

clicking on the 2D-HSQC type spectrum window in the

‘‘Click-and-Jump mode’’, which gives the chemical shifts

at the clicked position, and then triggers the simultaneous

display of the 2D spectrum strips extracted from the 3D

spectra attributed to the same Sync-Jump class. During

NOE peak analysis, this protocol is also helpful to

manipulate the 3D NOESY spectra as well as the other 3D

spectra used for fine adjustments of the assigned chemical

shifts. The second Sync-Jump protocol is based on groups

of atoms with assigned chemical shifts, and requires the

chemical shift assignments of both the protons and heavy

atoms of interest. Using this protocol, Sync-Jump com-

mands are provided to the Chemical shift database module,

the module for the analysis of NOE assignments, and the

module for the structure quality assessment, as described

below. The subroutines responsible for the ‘‘Sync-Jump’’

functionality are integrated in the Sync-Jump module of

KUJIRA.

Chemical shift database module

The Chemical shift database module of KUJIRA is used to

manage the database of experimentally determined chem-

ical shifts for the signals of proton, nitrogen, and carbon

atoms. The module provides several graphical interfaces

(Fig. 3). One of them, the main graphical interface shown

in Fig. 3A, can display the assigned chemical shift data for

a desired amino acid residue. The pop-up window from the

main graphical interface shown in Fig. 3B allows the user

to interactively input and correct the chemical shifts di-

rectly from the spectrum at any axis, by clicking on the

spectrum window. The Chemical shift database module

provides a function to automatically examine the validity

of the defined chemical shifts, by comparing them with the

chemical shift statistics for proteins derived from the

BMRB database (http://www.bmrb.wisc.edu/). Any

anomalous chemical shift can immediately be highlighted

with an alert message in the main graphical interface.

Since, this module provides the Sync-Jump command, to

control the strips from 3D spectra based on the values in

the chemical shift table, the user is able to confirm and

correct the signal assignments for each residue by directly

observing the related 2D strips. The window shown in

Fig. 3C is used for simultaneously confirming all of the

chemical shifts of the main-chain and side-chain signals of

the currently analyzed residue. In the graphical interface,

2D spectrum strips extracted from 3D NOESY or TOCSY

spectra are arrayed to display narrow regions correspond-

ing to the spectrum positions of the assigned main-chain

and side-chain signals. The cross-peaks based on the

assignment of intra-residual signals (and sequential signals

for NOESY) are indicated with the blue boxes in each 2D

spectrum strip. The most powerful function of this interface

is that the user can intuitively notice an inaccuracy in the

defined chemical shifts, by monitoring the expected intra-

residual and sequential NOEs in the arrayed spectrum

strips, thus helping to interactively update the chemical

shifts by clicking on the appropriate spectrum position.

Another pop-up graphical interface (Fig. 3D) displays the

amino acid sequence of the analyzed protein and informs

the user about the completeness of the assignments by

color-coded buttons.

Semi-automatic assignment module

KUJIRA has a module for the semi-automated sequence-

specific assignment of the main-chain signals, based on the
13Ca, 13Cb, and 13C¢ signals derived from the triple reso-

nance spectra, including several graphical interfaces (see

Figs. 4–6) and a key external C program, ‘‘QuickAssign.’’

The QuickAssign program performs the assignment jobs

that are described in Fig. 5, based on the basic main-chain

assignment information, such as the peak IDs and chemical

shifts of 1HN, 15Na and the sequential and intra-residual
13Ca, 13Cb, and 13C¢ signals. Prior to running the program,

the user has to prepare the information manually or auto-

matically. There is a tool for creating a text file listing the

identified peak IDs, corresponding to the 1HN–15Na signal

correlations from the peak table file of 2D or 3D hetero-

nuclear correlation spectra, such as 1H–15N HSQC, 3D

HNCO, and 3D-HN(CO)CA. The user is allowed to
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identify the sequential and intra-residual 13Ca, 13Cb, and
13C¢ signals, which can be observed on the indirect

dimension of the 1H-15N position specified by the peak ID

from the 3D triple resonance spectra and a graphical

interface (Figs. 4A, B), either manually or automatically.

After the preparation of the text file describing the basic

main-chain information, the user can run the automated

sequence-specific assignment C program, ‘‘QuickAssign’’,

to search for the segments of peak IDs. QuickAssign

quickly performs automated sequential assignments based

on the semi-exhaustive search algorithm, as shown in the

program flow chart (see Fig. 5). The program makes a non-

redundant list of all possible segments, by finding and

linking the peak IDs based on the sequential connectivity

of the identified 13Ca, 13Cb, and 13C¢ signals, using the

specified error tolerance (default values are set at 0.3 ppm

for all atom types). QuickAssign maps the segment x at the

residue number k on the amino acid sequence of the sample

protein, and evaluates the penalty value P(x,k) based on the

following Eqs. 1 and 2.

Fig. 3 (A) The main graphical interface of the Chemical shift

database module. This interface displays the assigned chemical shift

data for a desired amino acid residue. Each row in the list-box

indicates the atom name, the assigned chemical shift value, and the

ambiguity status of the assigned signal; ‘‘ambig’’ means ambiguously

assigned, ‘‘degen’’ means the signals are degenerate, and ‘‘stereo’’

means stereo-specifically assigned. (B) Pop-up graphical interface

from the main graphical interface for the proton signal of Met8-Hb2.

The assigned chemical shift is displayed in the center of the interface.

The user may edit the assigned chemical shift or the ambiguity status

of the signal. The spectrum strips associated with this atom can

readily be accessed from this interface by Sync-Jump commands. (C)

Pop-up graphical interface from the main graphical interface, for the

confirmation and correction of the main-chain and side-chain signal

assignments. It displays the relevant 2D spectrum strips extracted

from the 3D-NOESY spectra. The arrayed 2D spectrum strips show

narrow regions corresponding to the assigned 1H–15N or 1H–13C

signal positions. The expected intra-residue and sequential-cross

peaks are indicated by blue boxes, labeled with the assignment of the

signals in the indirect dimension using simplified nomenclature, such

as n: HN(i), n – 1: HN(i – 1), a: Ha(i) and so on. The chemical shifts

can be interactively adjusted by mouse operations. (D) Pop-up

graphical interface from the main graphical interface that represents

the amino acid sequence of the currently analyzed protein. The labels

on the buttons indicate the one-letter amino acid code and the residue

number. The buttons are used to switch the information displayed in

the main graphical interface of the Chemical shift database module

36 J Biomol NMR (2007) 39:31–52
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Pðx; kÞ ¼

PNðxÞ

i¼1

Xabðx; k; iÞ

NðxÞ ð1Þ

where Xab(x,k,i) is the probability value for the segment x

at the i-th residue for 13Ca/13Cb, which is given by:

ti ¼
Aa

i � �Aa
Rðkþi�1Þ

da
Rðkþi�1Þ

 !2

þ
Ab

i � �Ab
Rðkþi�1Þ

db
Rðkþi�1Þ

0

@

1

A

2

ð2Þ

Xabðx; k; iÞ ¼ ti if i ¼ 1 or ði > 1; ti� ti�1Þ
Xabðx; k; iÞ ¼ ti�1 if ði > 1; ti > ti�1Þ

�

where Ai
a and Ai

b are the chemical shifts for the identified
13Ca and 13Cb signals, respectively, and �A

a=b
Rðkþi�1Þ and

da=b
Rðkþi�1Þ are the average and standard deviation, respec-

tively of the 13Ca/13Cb signal corresponding to amino acid

type R at residue k + i – 1. The average and standard

deviation are derived from the restricted statistics calcu-

lated for the amino acid specific 13Ca and 13Cb chemical

shifts in the BMRB database.

The mapped segment will be judged by the following

criteria: (1) the mapped segment on the residue number k

should have the best penalty value P(x,k) three times as low

as the secondary one, (2) the penalty value must be below

the specified maximal value, Maxp, (3) the segment is

longer than the specified minimal length, Minl, (4) it does

not include any sequential connectivity with the amount of

used chemical shift information below the minimal value,

Minc and (5) it does not include ambiguous connectivities

greater than the specified value, Amb. If the mapped seg-

ment satisfies all of these criteria, then the N- and C-ter-

minal residues of the segment are truncated, and the peak

IDs included in the segment will be suppressed in the

subsequent assignment step. If the longer segment contains

the identical peak ID sequence of the shorter one and they

satisfy the criteria, then the longer one is chosen. After four

rounds of iterative assignment steps, the best-mapped

segments are displayed on the graphical interface along

with the calculated penalty values, as shown in Fig. 4E and

F. If the user finds that the segments are correctly mapped,

then the user can assign the segment permanently on the

graphical module. The performance of the program, from

loading the assignment data to displaying the best results of

mapping the segments, depends on the number of identified

peak IDs and the length of the sample protein. For a 100–

150 residue protein, the calculation typically takes

0.5–1.0 s on a standard PC or workstation. The complete-

ness of the assignments is around 70–80% using the default

setting parameters, as in the example shown in Table 1,

and it also depends on the completeness of the user-pre-

pared information for the main-chain assignment. If there

are many missing signals, minor peaks, artifact peaks,

some repeated sequence in the protein sequence, it will be

very difficult to achieve the complete assignment of the

main-chain signals by only using QuickAssign.

Since the module achieves the sequence-specific

assignments of the main-chain signals using the above-

mentioned method based on well-separated peak IDs, the

assignments may fail if many peak IDs of the 1HN–15Na

signals are missing, because of severe overlapping. In this

case, the search function on the main graphical module is

helpful to discover the potential peaks. The module can

search for the sequential residue at the (i – 1) or (i + 1)

position by calculating the values from the spectrum

intensity of 3D triple resonance spectra, using the identified

chemical shifts of 13Ca, 13Cb, and 13C¢ signals, as described

in Fig. 4B.

The sequential connectivities of the assigned peak IDs

can be confirmed on a graphical interface (Figs. 6A, B),

where the 2D spectrum strips extracted from the 3D spectra

corresponding to the peak ID position of the assigned

segments are arrayed, and the identified 13C signal posi-

tions are indicated with the blue boxes. There is an

assignment assessment tool, ‘‘CheckAssign’’, which can be

used to find problems in the sequence-specific assignments.

It allows the user to correct them interactively on a

graphical interface, as shown in Figs. 6C and D.

After the semi-automated main-chain signal assign-

ments, the user can export the assigned chemical shifts to

the chemical shift database. In addition to the data expor-

tation, the user is allowed to assign the 1Ha and 1Hb signals,

if 2D 1H–13C HSQC and 3D HBHA(CBCACO)NH spectra

are available. The external C program automatically picks

the peaks on 2D 1H–13C HSQC and 3D HBHA(CBCAC-

O)NH, then tries to find peaks in the spectrum region

corresponding to the assigned 13Ca and 13Cb signals. Only

the signals with corresponding 1Ha–13Ca, and 1Hb–13Cb

peaks found on both 2D 1H–13C HSQC and 3D

HBHA(CBCACO)NH are assigned.

CYANA analysis modules

KUJIRA provides an interactive module to analyze the

results of the automated NOE assignment by CYANA. The

user can import a log file of the NOE assignments and

inspect the results for each peak, including all of the

assignment candidates, in the graphical interface shown in

Fig. 7A. A variety of GUI features are implemented in this

module: the increment and decrement buttons used for

stepping through the assignment results with respect to the

peak ID number, the menu buttons to switch between NOE

peak lists, and between assigned and unassigned NOEs,

and the checkboxes to skip NOE peaks that may not need

to be inspected, such as those without or with small
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associated violations of distance constraints. Together with

the Sync-Jump command, the user can easily and quickly

access the desired NOE peaks for inspection. The module

has a function to display the 2D spectrum strip that is

orthogonally transposed to the indirect dimension of the

NOE assignment side-by-side with the spectrum strip of the

current NOE peak, as shown in Fig. 7B. For a NOE with

multiple ambiguous assignments, the user can switch to the

symmetrical spectrum strip corresponding to another pos-

sible assignment candidate, by double-clicking it in the

interface shown in Fig. 7A. In another mode of the inter-

face (Fig. 7C), the NOE peaks can be filtered and sorted

with respect to various parameters, such as the prime

assignment candidate, the peak number, the peak intensity,

the 1H–1H upper distance bound, the observed violation, or

the peak position on the x-, y-, or z-axis or in the xz-plane.

The module has a function to evaluate the symmetry of the

NOE peak assignments for which the intensity at the

symmetrical position defined by the most probable NOE

assignment is measured in the spectrum. If this intensity is

greater than a user-specified threshold, then the peak entry

is colored blue; otherwise, it is red. Another graphical

interface is available for setting up a CYANA calculation

(data not shown), in which the user can specify the version

of CYANA and the path names of the NOE peak tables,

and then save these settings for later use by the CYANA

analysis module to properly interpret the CYANA output

files. The interface can be used to prepare a directory for a

CYANA calculation, and to create a sequence file, a

chemical shift table, NOE peak tables and an initial settings

file (init.cya) in the format required by CYANA.

Structure quality assessment module

The KUJIRA module for the quality assessment of calcu-

lated protein structures is implemented as an external

C-program. The module can load a set of ensembled

structures that are formatted in a variety of coordinate

types, including DYANA and PDB file formats. The sec-

ondary structure elements are detected by the Kabsch and

Sander method (Kabsch and Sander 1983), and the per-

centage of structures is evaluated for each residue in which

the secondary structure is detected. The types of secondary

structures with a percentage greater than 30% are classified

Fig. 4 (A) 2D spectrum strips extracted from the 3D triple resonance

spectra, which can be used for the identification of 13C signals for

sequence-specific main-chain signal assignments. By the ‘‘Sync-

Jump’’ function of KUJIRA, the spectrum strips synchronously jump

to the 1HN–15Na position as their class is specified as ‘‘15N’’. (B) The

function to predict the amino acid type for the sequential (i – 1) and

current peak ID (i) can be carried out by pressing the button

‘‘TellMeResTP’’, using the chemical shifts, Ai
a and Ai

b, for the

identified sequential or intra-residual 13C¢a and 13Cb signals.

The probability value P(i,R) for a amino acid type R is calculated

by the following equation:

p ¼ Aa
i � �Aa

R

da
R

� �2

þ Ab
i � �Ab

R

db
R

 !2

ð3Þ

Pði;RÞ ¼ 1

2pda
Rdb

R

exp �0:5pð Þ

where �A
a=b
R and da=b

R are the average and standard deviation,

respectively, of the 13Ca/
13Cb signal corresponding to amino acid

type R. These values are derived from the restricted statistics

calculated for the amino acid specific 13Ca and 13Cb chemical shifts in

the BMRB database. The prediction function calculates the value,

P(i,R), for all amino acid types, sorts them by the values in increasing

order, and then displays the amino acid types with the value greater

than 10–4 in the one-letter code in the entry widgets, as indicated with

the red boxes in (B). The function to search for the sequential peak

IDs on the positions (i – 1) and (i + 1) can be carried out by pressing

the ‘‘Search’’ button in the middle of the interface. The function

calculates the sum of the spectrum intensity I(i,j) on the xz-positions

specified with the chemical shifts of the 1HN and 15Na signals for the

target peak ID j and on the y-position specified with the chemical

shifts of the sequential or intra-residual 13Ca,
13Cb and 13C¢ signals of

the current peak ID i.

Iði; jÞ ¼ kCO ICO
�
�

�
�þ ka Iaj j þ kb Ib

�
�
�
� ð4Þ

where the values kCO, ka, and kb are normalization factors (default

values are 1.0) for the detected intensity, ICO, Ia, and Ib of the spectra.

If the calculated value I(i,j), multiplied by the factor specified on the

entrance widgets of the graphical interface (indicated by the blue

box), is below the specified threshold for each 3D spectrum; then the

value will be zero. The scanned peak IDs are sorted by the calculated

values and displayed on the list-box at the bottom of the graphical

interface, if the value is greater than zero. By double-clicking on one

of the items in the list-box, a spectrum strip window corresponding to

the scanned peak ID will appear. (C) Pop-up graphical interface,

displaying the amino acid sequence of the sample protein. The

assigned residues are colored by cyan. By pressing the ‘‘Data to Acs’’

button on the bottom of the interface, the user can export the assigned

chemical shifts to the assignment database module. The ‘‘Auto-

AssignHAHB’’ button can be used to run the data exportation and the

fully-automated assignment of the 1Ha and 1Hb signals using 2D
1H–13C HSQC and HBHA(CBCACO)NH spectra. (D) Pop-up

graphical interface used for managing the main-chain assignment

information, such as the peak ID, the chemical shifts of 1HN, 15Na,

and the sequential and intra-residual 13Ca,
13Cb, and 13C¢ signals. The

buttons labeled with the name of the item can be used to sort the peak

ID information by the corresponding item type. (E) Pop-up graphical

interface used to run the external C program ‘‘QuickAssign’’ (see

text). The user can temporarily adjust all of the 13C chemical shifts of

the main-chain data, only for the functions of the modules,

‘‘QuickAssign’’ and ‘‘CheckAssign’’, by specifying the correction

value of the entry in the interface. The tolerance values for making

peak ID segments can also be adjusted in the entries on the interface

(default values are 0.3 ppm for all atom types). (F) By double-

clicking one of the mapped segments in the interface of (E), a

graphical interface will pop-up to display the detail of the mapped

segment. The user can decide to permanently assign the mapped

segment by pressing the button ‘‘Assign’’ on the top of the interface

c
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and displayed in the main graphical interface of the module

(see Fig. 8A). The solvent accessible surface area for each

amino acid residue is calculated, using the method estab-

lished by Lee and Richards (1971). If the average solvent

accessible surface area of the side-chain atoms is smaller

than 30%, then the residue is judged to be buried inside the

protein, as shown in Fig. 8B. The values of the dihedral

angles /, w, v1, and v2 are also calculated by the module. If

the values of a dihedral angle are clustered in two or more

distinct conformations, then the module displays a caution

message and reports details about the split dihedral angle

conformation. The module can further perform a Rama-

chandran plot analysis for the main-chain angles (/,w),

according to the methods established and applied in the

program PROCHECK (Laskowski et al. 1996) (Fig. 8A),

and a rotamer analysis for the side-chain dihedral angles
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(v1, v2) using the side-chain rotamer library established by

Lovell and colleagues (Lovell et al. 2000) (Fig. 8B).

Application example of KUJIRA for a small protein,

human ubiquitin

Uniformly 13C/15N-labeled human ubiquitin (~0.8 mM),

expressed and purified using the methods established by

Kigawa and coworkers (Kigawa et al. 1999, 2004), was

used for the NMR measurements in 1H2O/2H2O (9:1),

containing 20 mM sodium phosphate buffer (pH 6.0),

100 mM NaCl, 1 mM 1,4-DL-dithiothreitol-d10 and 0.02%

NaN3. This human ubiquitin construct comprises 83 amino

acid residues, with 76 residues of the natural sequence and

7 N-terminal artificial residues, GSSGSSG.

All of the 2D and 3D NMR spectra were measured at

25�C on Bruker AVANCE600 and AVANCE800 spec-

trometers. The acquired spectral data were processed with

Fig. 4 continued
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the program NMRPipe (Delaglio et al. 1995). The 3D tri-

ple resonance experiments, HNCO, HN(CA)CO,

HN(CO)CA, HNCA, CBCA(CO)NH, and HNCACB, were

used for the chemical shifts of the sequence-specific main-

chain and 13Cb signal assignments, while HBHA(CBC-

ACO)NH, C(CCO)NH, and HCCH-TOCSY were used for

the chemical shift assignments of the side-chain signals.
15N-edited NOESY and 13C-edited NOESY (covering both

aliphatic and aromatic region of 13C dimension) experi-

ments with a mixing time of 80 ms were used for the main-

chain and side-chain assignments, as well as for obtaining

the NOE peaks.

Combined automated NOE cross-peak assignment by

the CANDID algorithm (Herrmann et al. 2002) and struc-

ture calculation by torsion angle dynamics (Güntert et al.

1997) were performed using the software package CYANA

1.0.7 (Güntert 2003). Peak lists for the 15N-edited NOESY

and 13C-edited NOESY spectra were generated by auto-

mated and manual peak picking with NMRView. The input

data files also included a chemical shift table for the as-

signed signals, which was managed by KUJIRA. The

backbone and Cb chemical shift values were analyzed with

the program TALOS (Cornilescu et al. 1999) to generate

dihedral angle constraints with lower and upper limits of

±30 degrees around the most probable values of the / and

w backbone dihedral angles. No other structural constraints

were applied in the CYANA calculations. Twenty IBM

Power4 processors (1.5 GHz) of an IBM p655 server were

employed for the CYANA calculations. An accurate solu-

tion structure of human ubiquitin was previously deter-

mined by Cornilescu and colleagues (Cornilescu et al.

1998), on the basis of the virtually complete chemical shift

assignments and a large number of structural constraints,

including 2,727 NOE, 98 dihedral angle, 1,307 residual

dipolar coupling and 27 hydrogen bond related constraints.

The coordinate data (PDB Accession code 1D3Z) and the

chemical shift data (BMRB Accession Number 6457) were

used as a reference for comparison with the structures and

chemical shifts determined in this study.

Results and discussion

As of this year, our research group has determined more

than 1,200 protein structures by NMR techniques, as a part

of the RIKEN Structural Genomics/Proteomics Initiative

(RSGI) for the ‘‘Protein 3000’’ Project in Japan. At present,

more than 800 of these structures can be found in the

Protein Data Bank, which were solved by means of a

protocol similar to the one employing KUJIRA and

CYANA as described in the following. The conventional

strategy for NMR protein structure determination follows

the paradigm that an accurately determined structure is the

consequence of accurately assigned NOEs, which, in turn,

are derived from accurately determined chemical shifts.

Ideally, each stage of the structure analysis, as mentioned

in the introduction, should be completed with high accu-

racy and completeness, before starting the next one.

Otherwise, it would be difficult to obtain a correct struc-

ture. However, the exacting requirements of the previous

stage can delay the start of the subsequent stage, thus

slowing down the whole process. This constitutes a

weakness of the conventional strategy, if it is applied to

high-throughput NMR analysis. Another weakness could

arise if the conventional strategy is not facilitated with an

integrated platform. Since nowadays, structure analyses by

NMR require a number of software packages, the NMR

scientist has to be experienced with each of them. The data

exchange, such as importing and exporting from one soft-

ware format to another, is more complicated as the number

Make non-redundant list of all 
possible segments by finding and 
linking the peak IDs based on the 
identified 13C', 13Cα and 13Cβ signals 

Evaluate the penalty value, P(x,k), by 
calculation of the mapped segment
using the Eq(1 and 2) 

Map the segments on the protein 
amino acid sequence 

Assign the mapped segment if the 
mapped segment satisfies the criteria 
(see text). 

Load list of the identified peak ID and 
chemical shifts of sequential and 
intra-residual 13C', 13Cα and 13Cβ

1st step of sequential assignment 

Output the assigned results on 
graphical interface 

2nd step of sequential assignment 

3rd step of sequential assignment 

4th step of sequential assignment 

Fig. 5 The flow chart of the

automated sequence-specific

main-chain assignment, using

the program ‘‘QuickAssign’’.

The first step of the program job

is loading a text file describing

the basic data for the

assignment, including the

chemical shifts of 1H, 15N,

sequential and intra-residual
13Ca,

13Cb, and 13C¢ signals, for

the user-defined peak IDs. The

chart on the left describes the

flow chart of each sequential

assignment step
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Fig. 6 (A) Pop-up graphical interface showing the list of sequence

segments that are expected from the amino acid sequence of the

protein. The user can select the type of signals by clicking

the checkboxes on the top of the interface. By double-clicking one

of the segments, the arrayed 2D-spectrum strips appear (B), showing

the sequential connectivity of the assigned peak IDs. Each pair of

strips corresponds to a peak ID, in which the sequential strip is placed

on the left, while the intra-residual strip is on the right. The identified

carbon signals are indicated by the blue boxes labeled with the

assigned residue number and amino acid type in one-letter code. (C)

Pop-up graphical interface displaying the results of the function

‘‘CheckAssign’’. This function examines the sequential connectivities

of the assigned peak IDs, and gives a warning message for chemical

shift differences of 0.3–0.5 ppm and an error message for those

>0.5 ppm. The warning messages with the label ‘‘- - -’’ indicate that

the chemical shift is not defined for making the sequential

connectivity. The lower list-box displays the warning messages if a

redundancy is found in the assigned residue number or the defined

peak ID number, or if the amino acid type of the assigned peak ID or

the combination of the identified 13Ca and 13Cb chemical shifts does

not match with the actual protein sequence. (D) By double-clicking

one of the warning/error messages on the upper list-box, a pop-up

interface appears to display the arrayed 2D spectrum strips. The

problematic sequential connectivity is highlighted by the magenta

coloring of the two corresponding strips. The user is allowed to

correct and save the identified peak position by directly clicking on

the spectrum strip
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of required software programs increases. As mentioned

above, the CCPN and SPINS data models are a promising

solution to address these problems, by developing a pro-

gram suite to integrate many software programs, NMR data

and related information. The remarkable feature of the

CCPN data model is not only the reduction in the tedious

manipulation of NMR data but also their originally created

API, with which scientists within the community can easily

develop software and maintain it for long time by collab-

orations with others in the community. In contrast to the

data models, KUJIRA is designed to be a package of

modules that are as small as possible, by restricting the

functions of each module to those essentially required for

the analysis. KUJIRA is highly optimized for high-

throughput NMR studies by the sophisticated subroutines

working on Tcl/Tk and the external C programs utilized for

Table 1 The results of the four steps of automated sequential assignment performed by the external C program ‘‘QuickAssign’’a,b

Penalty Residue Assigned segments

First step Tolc: 0.3, 0.3, 0.3, Ambd: 0, Maxpe: 2.4, Mincf: 2, Minlg: 8

1.124 7–17 11-44-32-74-52-34-72-66-35-46-21

2.392 32–43 33-26-50-16-42-37-15-45-65-70-23-40

2.104 46–54 75-59-54-18-10-25-5-49-61

1.608 62–82 24-56-76-7-64-62-51-6-43-69-68-57-71-79-13-1-20-14-9-29-4

Completeness of assignmenth: 67.1%

Second step Tolc: 0.3, 0.3, 0.3, Ambd: 1, Maxpe: 4.0, Mincf: 2, Minlg: 8

1.124 7–17 11-44-32-74-52-34-72-66-35-46-21

2.246 18–25 31-39-73-28-3-27-60-55

2.392 32–43 33-26-50-16-42-37-15-45-65-70-23-40

2.104 46–54 75-59-54-18-10-25-5-49-61

1.608 62–82 24-56-76-7-64-62-51-6-43-69-68-57-71-79-13-1-20-14-9-29-4

Completeness of assignmenth: 77.2%

Third step Tolc: 0.3, 0.3, 0.3, Ambd: 2, Maxpe: 4.0, Mincf: 2, Minlg: 5

1.124 7–17 11-44-32-74-52-34-72-66-35-46-21

2.246 18–25 31-39-73-28-3-27-60-55

0.869 55–59 30-17-2-19-41

2.392 32–43 33-26-50-16-42-37-15-45-65-70-23-40

2.104 46–54 75-59-54-18-10-25-5-49-61

1.608 62–82 24-56-76-7-64-62-51-6-43-69-68-57-71-79-13-1-20-14-9-29-4

Completeness of assignmenth: 83.5%

Fourth step Tolc: 0.3, 0.3, 0.3, Ambd: –, Maxpe: 6.0, Mincf: 2, Minlg: 3

1.124 7–17 11-44-32-74-52-34-72-66-35-46-21

2.246 18–25 31-39-73-28-3-27-60-55

2.112 27–30 58-12-22-36

0.869 55–59 30-17-2-19-41

2.392 32–43 33-26-50-16-42-37-15-45-65-70-23-40

2.104 46–54 75-59-54-18-10-25-5-49-61

1.608 62–82 24-56-76-7-64-62-51-6-43-69-68-57-71-79-13-1-20-14-9-29-4

Completeness of assignmenth: 88.6%

a The experiment was carried out for the tutorial sample, as described in the text
b The basic main-chain assignment information, including peak IDs, the chemical shifts of 1HN, 15Na, sequential and intra-residual 13C¢, 13Ca
and 13Cb, was prepared manually
c Tolerance values (ppm) for identifying the sequential connectivity of the peak ID, based on 13C signals respectively corresponding to 13C’,
13Ca and 13Cb
d Maximal ambiguity of the sequential connectivity
e Maximal penalty value to assign the mapped segment
f Minimal number of signals used for identifying the sequential connectivity
g Minimal length of segment to be judged
h The total number of residues to be assigned is 78
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the heavy tasks, which would not run fast in the interpreter

based programming language. Owing to the compactness

of the package, the installation of KUJIRA has been sim-

plified and does not require any specific library or third

party software, except for NMRView and Tcl/Tk, which

are also simple and easy to install.

Based on our experience with a large number of

NMR structure studies, we have established a robust

and expeditious strategy for NMR protein structure

determination using KUJIRA and CYANA, which rep-

resents an innovation over the conventional methods.

The strategy, shown schematically in Fig. 9, is simpli-

fied into three analysis phases; namely, the early phase,

‘‘Preliminary assignment and structure analysis’’, the

intermediate phase, ‘‘Refinement of assignment and

structure analysis’’ and the final phase, ‘‘Finalization of

Fig. 7 (A) Graphical interface of the CYANA analysis module of

KUJIRA, for the evaluation of fully automated NOE assignments

carried out by CYANA. The module can load the exported log file for

the CYANA automated NOE assignment calculation. The list-box

represents the NOE assignment information from the CYANA log file

for a certain peak eliminated by a large distance violation. The NOE

assignment candidates are ordered by their generalized volume

contribution, as determined by the automated NOE assignment

algorithm CANDID (Herrmann et al. 2002) in CYANA. The buttons

in the upper part of the interface are used to increase or decrease the

peak ID number, to switch between the lists of unassigned and

assigned NOE peaks, and to flip the displayed 2D spectrum strips by

90 degrees about the z-axis. The ‘‘Skip peaks’’ and ‘‘Show only’’

items serve to filter the peaks for which information can be displayed

according to various criteria. (B) An example display of a typical

artifact peak that has been eliminated for the fully automated NOE

assignment. The 2D spectrum strips brought up by the Sync-Jump

function of the CYANA analysis module show the narrow region of

the 15N edited NOESY spectrum, corresponding to the Lys55 HN-Na-

signal, alongside the spectrum strip showing the transposed position

of the NOE peaks according to the assignment, Lys55 HN–Glu58 HN.

The right panel represents expanded portions of the two 2D spectrum

strips, showing the unassigned artifact peak at the position (7.9, 8.3,

123.1 ppm), while no peak is found at the transposed position of the

NOE assignment (8.3, 7.9, 121.7 ppm). Using the CYANA analysis

module with the skip function, the user can quickly access this peak

and determine whether it is an artifact. (C) The graphical interface of

the CYANA analysis module in the ‘‘Sort’’ mode, representing NOE

peaks sorted, for instance, by their upper distance limit derived from

the peak intensity. In the upper panel, all 2,262 assigned peaks

derived from 3D 13C edited NOESY are listed without any skip

setting (only the top 20 peaks appear, because of the limited height of

the list-box). The lower panel represents the subset of the NOE peaks

obtained by skipping the peaks with an estimated 1H–1H distance

bound longer than 4.5 Å, or located closer than 0.1 ppm from the

water line or the diagonal, or having a symmetrical consensus for the

prime candidate of the NOE assignment. Only three NOE peaks

selectively appear in the list. Strong NOE peaks lacking the

symmetrical consensus of the NOE assignment would be very useful

indicators of potential errors in the chemical shift assignments
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Fig. 8 (A) Graphical interface of the structure validation module in

the secondary structure display mode (left panel). The module

calculates the hydrogen-bond based secondary structure assignment in

the specified NMR structures. The detected secondary structures are

indicated by different colors: cyan: b-strand, magenta: a-helix, and

orange: 310-helix. In the pop-up graphical interface on the right, the

2D Ramachandran plot analysis and the / and w dihedral angles of

residue Val33 in 20 structure models are represented. (B) The

graphical interface of the structure validation module in the side-chain

structure analysis mode (left panel). The module calculates the

average solvent accessible surface area for the side-chain of each

residue in the specified NMR structures. The residues with solvent

accessible surface area values less than 30% are classified as being

involved in the core of the protein, and are represented by sunken

buttons. Problematic v1/v2 dihedral angle pairs are indicated in

different colors, based on their probability, as analyzed using a

standard rotamer library; dark orange indicates rare (probability

1–5%), and dark magenta indicates very rare (less than 1%)

conformations. In the pop-up graphical interface on the right, the

2D v1/v2 plot analysis and the v1 and v2 dihedral angle values of Ile43

in 20 structure models are represented

Basic tasks for NMR analysis 

Sequence specific chemical  
shift assignments 

NOE assignments and 
making distance constraints 

Structure calculation using 
the distance constraints 

Structural quality 
assessment of the calculated 
structure 

Strategy using KUJIRA and CYANA 

Preliminary assignment and 
structure analysis

Refinement of assignment 
and structure analysis

Finalization of assignment 
and structure analysis

~90% complete chemical shifts 
~85% NOE peaks assigned 

~95% complete chemical shifts 
~90% NOE peaks assigned 

~100% complete chemical shifts 
~95% NOE peaks assigned 
No obvious structure faults 

Final chemical shifts and 
structure

Fig. 9 High-throughput strategy for NMR structure determinations

based predominantly on NOE-based structural constraints, using

KUJIRA and CYANA. Every stage includes all of the basic tasks for

NMR analysis: interactive assessment and correction of chemical

shift and NOE assignments and structure calculation. The guidelines

are also indicated on the right side of the flow chart. The typical

methods to collect NOE peaks for CYANA calculations are

mentioned in the section ‘‘Materials and methods’’ describing the

methods for the application example of ubiquitin. To evaluate the

completeness of the chemical shift assignments, all of the main-chain

and side-chain 1H, 13C, and 15N signals responsible for constructing

the defined region of protein, such as main-chain, buried aliphatic and

aromatic side-chain signals, should be involved. The signals that

cannot be observed in the 3D NOESY because of chemical exchange

or bad water suppression should be also considered to be ‘‘missing’’

signals. For the CYANA calculation in any stage of NMR analysis, all

of the observed NOE peaks should be applied. To pass the finalization

stage, the NOEs that could not be assigned by CYANA should not be

clustered in a certain region of the calculated structure
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assignment and structure analysis’’. The most remark-

able feature of the strategy is that the chemical shift

assignments and the structure determination coopera-

tively progress toward the final state of the analysis,

rather than reaching the end result through a sequence

of strictly consecutive steps.

Preliminary assignment and structure analysis

In the early phase of the analysis, referred to as the ‘‘Pre-

liminary assignment and structure analysis,’’ the chemical

shift assignments are nearly completed with KUJIRA prior

to the first structure calculation by CYANA. The most

crucial step in this analysis stage must be the sequence-

specific main-chain signal assignments, since the following

side-chain signal assignments and NOE peak assignments

strongly rely on the assignments. Many automated se-

quence-specific assignment programs have been reported,

based on a variety of assignment algorithms, such as Monte

Carlo algorithms (Buchler et al. 1997; Leutner et al. 1998;

Lukin et al. 1997), genetic algorithms (Bartels et al. 1996a,

1996b), exhaustive search algorithms (Andrec and Levy

2002; Atreya et al. 2000; Coggins and Zhou 2003; Güntert

et al. 2000), heuristic comparisons to predicted shifts

(Gronwald et al. 1998), and heuristic best-first algorithms

(Hyberts and Wagner 2003; Li and Sanctuary 1997;

Zimmerman et al. 1994; Zimmerman et al. 1997). The

difficulties found with the automated assignment programs

include several missing signals in 2D or 3D spectra, which

would be encountered in the assignments of any NMR

samples even those where the 1H–15N HSQC spectra show

well-separated signals. The existence of minor signals,

which might be derived from exchanges between major/

minor conformations, and some contamination would also

be obstacles for the assignment jobs. One of the biggest

advantages of the semi-automated main-chain signal

assignment modules in KUJIRA is that the program

QuickAssign runs very fast and provides reasonably

accurate results. As shown in Table 1, the four stages of the

iterative assignment jobs were finished within 1 sec on the

SGI workstation (MIPS14000, 500 MHz), and no assign-

ment error was found. This high-performance can help the

user to accelerate the interactive work on the graphical

interfaces, and thus to find and correct the problems with

the assignments readily. Typically, in our projects, an

assignment time of 1–3 h was required for the complete the

assignments of main-chain and 1Ha and 1Hb signals using

KUJIRA. The remaining side-chain signals were manually

assigned, using the chemical shift database module of

KUJIRA, to achieve more than 90% of 1H, 15N, and 13C

signals. This process typically takes for 5–8 h, if HCCH-

TOCSY and 13C-edited NOESY spectra with reasonable

quality are available.

After automated peak picking of the 3D NOESY

spectra and filtering of the noise peaks, the first CYANA

calculation is performed. The major purpose of the

CYANA calculation(s) in this phase is to obtain tentative

structures with correct chain-folds and core-packing and

to eliminate obviously erroneous NOE peaks. Displaying

peak boxes labeled with NOE assignment information on

the 3D NOESY spectra streamlines this task. Using the

CYANA analysis module of KUJIRA, which can incor-

porate the results of the automated NOE assignment by

CYANA and provides the Sync-Jump commands based

on the assignments, the user can readily access the

problematic peaks and quickly determine whether they are

artifacts.

Refinement of assignment and structure analysis

In the middle phase of the analysis, referred to as the

‘‘Refinement of assignment and structure analysis,’’ entries

in the chemical shift table are corrected, based on the

spectrum positions of the NOE peaks without assignments.

The values in the chemical shift table that deviate slightly

from the positions of a cluster of NOE peaks may suggest

that a minor error exists in the table. Such a minor error

might not be serious enough to disrupt the global fold of

the calculated structure; however, because of the error,

CYANA may fail to assign the indirect dimension of the

NOE peak, if the related atoms are close together in

the calculated structure. This may result in a local fault in

the calculated structure, and therefore, it should be cor-

rected in this analysis stage. In particular, a group of

unassigned NOE peaks that are apparently clustered and

aligned on a certain x–z axis position, as illustrated in

Fig. 10A, is often indicative of a slight error in the

chemical shift table. For instance, based on such aligned,

unassigned peaks, a methylene group that was mistakenly

assumed to yield degenerate signals can effectively be

recognized as separate methylene signals. Owing to the

robust NOE assignment capability of CYANA, many of the

spurious NOEs are successfully removed at the end of the

middle phase of the analysis. To proceed to the final stage

of the analysis, we nevertheless have to consider the pos-

sibility that a very small number of artifact peaks and some

missing signals might have evaded the manual analysis.

These artifact peaks would more seriously distort a loosely

defined structure, such as surface, loop and turn regions,

rather than a well-defined region. Therefore, the refinement

work in the middle phase of the structure analysis aims at

identifying the few remaining artifact peaks and the inac-

curacies of a small number of chemical shifts among the

thousands in the NMR data sets. In most cases, the

remaining artifact peaks tend to be related to signals that

are both nearly degenerate in the 2D-HSQC spectrum
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projection, and originating from atoms that are spatially

proximate in the protein structure. Such peaks might not

cause a large violation of the NOE assignment, which is

based on both the chemical shifts and inter-proton dis-

tances, and may therefore lead CYANA to apply the cor-

responding distance constraint in the structure calculations.

The work required to identify these artifact peaks among

the few thousand peaks can be awfully tedious, even if the

user carefully operates the spectrum windows, unless some

mechanisms help the user to intuitively notice them. The

most remarkable aspect of the CYANA analysis module in

KUJIRA is the function to evaluate the symmetrical con-

sensus of the NOE assignment, by detection of the peak

intensity at the transposed position deduced from the NOE

assignment. This module highlights the assignments of

potentially spurious NOE peaks, if the spectral intensity at

the transposed position is below a user-specified threshold

(see Fig. 7C).

Fig. 10 (A) Example of a group of aligned peaks, derived from a 3D
13C edited NOESY, which were unassigned in the fully automated

NOE assignment carried out by CYANA. The labels ‘‘X0/0’’ indicate

peaks that were unassigned because no corresponding signal was

found for the direct and/or indirect dimensions in the NOE

assignment. The 2D spectrum strip shows the region close to

Val77-Hc1, where the clustered peaks are located slightly away from

the position specified in the chemical shift table. Using the CYANA

analysis module applied with the skip status ‘‘show only no

corresponding signal,’’ the user can easily and quickly access a

group of unassigned NOE peaks. In combination with the peak

labeling function, the user can straightforwardly notice inaccuracies

in the chemical shift assignment data. (B) A NOE assignment lacking

‘‘symmetry.’’ A NOE peak in the 2D strip corresponding to the signal

of Glu41-Hb2, derived from 3D 13C edited NOESY, has been

assigned to Lys40-HN (lower part of the left panel indicated by the

label ‘‘40n/41b2’’). No NOE peak was found on the transposed

position of the NOE assignment (pointed out by the arrow and the

dotted box in the right panel); Glu41-Hb2 on the 2D spectrum strip of

Lys40-HN in the 3D 15N-edited NOESY spectrum. The erroneous

NOE assignment was caused by mistakenly assuming the degeneracy

of the two c-methylene proton signals of Gln48 during the chemical

shift assignment. Using the CYANA analysis module of KUJIRA, the

problem was noticed in the 7th stage of the tutorial analysis, and was

fixed in the Chemical shift database module. See text for details
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Finalization of assignment and structure analysis

In the final phase of the analysis, referred to as the

‘‘Finalization of assignment and structure analysis,’’

the Structure quality assessment module is used to pinpoint

the possible existence of remaining problems in the

chemical shift assignments and the NOE peak table. The

Structure quality assessment module calculates the sec-

ondary structure, the solvent accessible surface area of the

side-chain groups, and the order parameter of the dihedral

angles. Based on the structural information, the user can

readily infer which residues are responsible for construct-

ing the protein structure. The module also has a function to

visualize the Ramachandran plot for the / and w angles,

and an analogous plot for the v1 and v2 angles. By refer-

ence to standardized rotamer libraries, the user can identify

the residues that have a conformational problem.

Figure 10B shows a NOE peak, found in the NOE peak

table, that apparently lacks the symmetrical consensus of

its NOE assignment, as detected by the CYANA analysis

module, and that generated a spurious distance constraint.

It would be very time-consuming to find this kind of

problem hidden in the enormous amount of NMR data by

the conventional methods; however, the combination of the

above-mentioned strategies can make it possible, in a

systematic and efficient manner.

Quick and accurate structure determination

accomplished by a beginner

As an application example for the case of NMR analysis,

the solution structure of human ubiquitin was determined

by a post-graduate student who lacked experience in pro-

tein structure determination, but was well educated in

biochemistry and organic chemistry. The analysis was a

tutorial for learning structure analysis, according to the new

strategy using KUJIRA and CYANA, under the supervi-

sion of an expert NMR scientist. The details of the analysis,

summarized in Table 2, comprised nine stages: stages 1–3,

corresponding to ‘‘Preliminary assignment and structure

analysis’’, stages 4–6, ‘‘Refinement of assignment and

structure analysis’’, and stages 7–9, ‘‘Finalization of

assignment and structure analysis.’’ The semi-automatic

assignments for the main-chain and some side-chain sig-

nals, including 1Ha and 1Hb protons, were assigned by

means of the described methods in approximately 3 h. The

remaining side-chain signal assignments were finished in

5 h, and the first CYANA calculation was performed (stage

1). At this stage, more than 90% of the 1H, 15N, and 13C

signals that could be observed in the measured 2D and 3D

spectra were assigned. Another 4 days were spent for eight

stages of CYANA calculations, to further refine the

chemical shift assignments and the NOE peak table and

structure quality assessments, using the KUJIRA modules.

After the tutorial analysis work, the accuracy of the as-

signed chemical shifts and the determined structure were

assessed by comparison with the reference structure (1D3Z

from PDB) and the reference chemical shifts (bmrb6457.str

from BMRB). The accuracy of the assigned chemical shifts

was examined by counting the number of incorrect values,

with errors from the reference data greater than 0.1, 1.0,

and 1.0 ppm for the 1H, 13C, and 15N signals, respectively.

Except for the signals of the two N-terminal residues and a

His residue, for which the chemical shifts might be affected

by slight differences in the protein construct and the

experimental conditions, more than 97% of the chemical

shifts (779 out of 796) determined by the beginner nearly

matched those in the reference data. A remarkable result,

shown in Table 2, is that the structure of the first CYANA

calculation already yielded the correct chain-fold and core-

packing, as compared with the reference solution structure

of human ubiquitin, showing 1.02 Å and 1.20 Å RMSD

values for the main-chain and side-chain structures,

respectively. All v1 angles of the residues involved in the

hydrophobic core were also correct, from the second stage

onwards. These facts strongly support the high reliability of

CYANA to calculate the correct structure, in spite of the

initially incomplete NMR data. The additional structural

constraints, the 86 dihedral angle constraints derived from

the TALOS analysis (applied in stages 8–9) and the 10

stereo-specific assignments for nine residues (applied in

stages 6–9), did not significantly improve the accuracy of

the calculated structures. Alternatively, the chemical shifts

of five signals were corrected, and more than 100 erroneous

NOE peaks were removed, using the CYANA analysis

module in KUJIRA in stages 6–9. In the final CYANA

calculation (stage 9), the completeness of the NOE

assignments reached more than 97%, involving no NOE

peak eliminated by a violation greater than 1.5 Å. No

significant deviations from the reference assignments were

found in the chemical shift assignments after stage 7. As

compared with the reference structure, the structures ob-

tained in the final stage exhibit high accuracy, with low

RMSD values for the main-chain (0.66 Å) and side-chain

(0.80 Å) atoms. Remarkably, through all of the stages, the

increase in the accuracy for the chemical shift assignments

agreed well with the increase in the completeness for the

automated NOE assignments. This clearly indicates that the

high completeness and accuracy of the chemical shift

assignments are related to the completeness of the NOE

assignment, and supports the accuracy of the assigned

chemical shifts, which are responsible for the structure

determination. It should be emphasized that the analyst was

allowed to concentrate on monitoring the completeness of

the chemical shifts and NOE peak tables and the structural

faults found in the calculated structures, owing to the fact
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Å

d
N

u
m

b
er

o
f

cr
o

ss
p

ea
k

s
fr

o
m

th
e

3
D

1
5
N

-
an

d
1
3
C

-e
d

it
ed

N
O

E
S

Y
sp

ec
tr

a
th

at
w

er
e

u
se

d
as

in
p

u
t

fo
r

th
e

au
to

m
at

ed
N

O
E

as
si

g
n

m
en

t
w

it
h

C
Y

A
N

A
e

P
er

ce
n

ta
g

e
o

f
N

O
E

S
Y

cr
o

ss
p

ea
k

s
as

si
g

n
ed

b
y

C
Y

A
N

A
re

la
ti

v
e

to
th

e
to

ta
l

n
u

m
b

er
o

f
N

O
E

S
Y

cr
o

ss
p

ea
k

s
f

N
u

m
b

er
o

f
ch

em
ic

al
sh

if
t

as
si

g
n

m
en

ts
th

at
d

ev
ia

te
fr

o
m

th
o

se
o

f
th

e
fi

n
al

(9
th

)
st

ag
e

b
y

m
o

re
th

an
th

e
g

iv
en

cu
to

ff
s

g
D

ev
ia

ti
o

n
o

f
th

e
ca

lc
u

la
te

d
C

Y
A

N
A

st
ru

ct
u

re
fr

o
m

th
e

re
fe

re
n

ce
st

ru
ct

u
re

(1
D

3
Z

).
R

M
S

D
v

al
u

es
ar

e
b

et
w

ee
n

th
e

m
ea

n
co

o
rd

in
at

es
o

f
th

e
m

ai
n

-c
h

ai
n

at
o

m
s

N
,

C
a
,

an
d

C
¢,

an
d

m
ai

n
-c

h
ai

n

an
d

sh
o

rt
ra

n
g

e
si

d
e-

ch
ai

n
at

o
m

s
(C

¢,
N

,
C

a,
C
b

an
d

C
c)

o
f

re
si

d
u

es
8

–
1

3
,

2
0

–
5

1
,

5
3

–
7

3
,

an
d

7
6

–
7

9
,

af
te

r
su

p
er

p
o

si
ti

o
n

o
f

th
e

ca
lc

u
la

te
d

st
ru

ct
u

re
s

h
N

u
m

b
er

o
f

re
si

d
u

es
w

it
h

v1
o

r
v2

an
g

le
s

d
ev

ia
ti

n
g

m
o

re
th

an
6

0
d

eg
re

es
fr

o
m

th
e

av
er

ag
e

v
al

u
e

in
th

e
re

fe
re

n
ce

st
ru

ct
u

re
.

N
u

m
b

er
s

in
p

ar
en

th
es

es
ar

e
fo

r
th

e
re

si
d

u
es

in
th

e
h

y
d

ro
p

h
o

b
ic

co
re

o
f

th
e

p
ro

te
in

w
it

h
le

ss
th

an
3

0
%

so
lv

en
t

ac
ce

ss
ib

le
su

rf
ac

e
ar

ea

J Biomol NMR (2007) 39:31–52 49

123



that the completeness of the chemical shift assignments and

the accuracy of the calculated structure were less effective

for the subsequent analysis stage. This is the biggest

advantage of this new strategy, which makes high-

throughput NMR structure studies possible.

Signal assignment and structure validations after the

final stage of the structure analysis

The validations of the assigned chemical shifts and the cal-

culated structures have been the most important challenge

for the NMR scientist in the last a few decades (Spronk et al.

2004). Several methods are commonly used for the valida-

tion; however, there is no universal method to integrate the

validation protocols in a small package. Throughout the

structural analyses of more than 1,000 protein samples by our

research group, we have not seen any significant error in the

chain-fold in the determined solution structure of a small

(smaller than 20 kDa), stable and monomeric protein that

yielded good spectrum quality by our established analysis

strategy. It would be nearly impossible to perform an anal-

ysis that satisfies our criteria well (see Fig. 9), and then end

with a greatly incorrect structure. This is mainly due to the

strategy, which is empowered by the intensive corrections of

the chemical shift and NOE peak tables, to achieve nearly

complete NOE assignments by CYANA. In other words, we

have demonstrated that the idea would be feasible for sam-

ples that are suitable for a high-throughput NMR analysis

with the highly automated strategy. The user is nevertheless

advised to use some other validation tools such as ProCheck-

NMR (Laskowski et al. 1996), WHATIF (Hooft et al. 1996;

Rodriguez et al. 1998; Vriend 1990), QUEEN (Nabuurs

et al. 2003), AVS (Moseley et al. 2004) or Protein-RPF

(Huang et al. 2005), or tools working with additional

experiments, such as residual dipolar coupling data, iDC

(Wei and Werner 2006), all of which may help to avoid

unforeseen problems in the assigned chemical shifts and the

calculated structures.

Conclusion

Although CYANA is quite reliable to determine the correct

structure, the few remaining faults in the chemical shifts

and the NOE peak table must be addressed, in order to

finalize the structure analysis. We developed a variety of

modules, integrated in one software package which can

seamlessly access the chemical shift table, the NOE

assignment carried out by CYANA, and the calculated

structure, and can greatly reduce the tediousness of the

structure determination. These interactive modules imple-

mented in KUJIRA are particularly useful to identify and

correct the unassigned signals and the spurious NOEs that

exist in the enormous amount of NMR data. We have

established a new strategy using KUJIRA and CYANA,

and have demonstrated its feasibility by an NMR structure

study of a small protein by a non-expert, showing that

accurate determinations of the chemical shifts and the

structure can be achieved in a few weeks. The new strategy

allows the NMR scientist to concentrate on monitoring the

completeness of the NOE assignments and the structural

problems in the NMR structure analysis, which will facil-

itate high-throughput studies by NMR.

Software availability

The KUJIRA software, installation instructions and

examples are available at http://www.protein.gsc.riken.jp/

Concept/kujira.html.
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